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Aptamers Switch on Fluorescence of Triphenylmethane Dyes
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Fluorescent reporters have revolutionized the study of biologicalf b
systems by allowing exquisitely sensitive, real-time detection of Aptamer bound IMG
tagged proteins both in vitro and in vivo. Ideally, the requisite
tagging is performed in situ by genetic fusion, either to unusual |:
fluorescent proteins from jellyfish or coral or to much shorter
tetracysteine domains, which bind and enhance the fluorescenc
of membrane-permeant biarsenical dy¢dowever, comparable
methods do not yet exist for nucleic acids. No sequence of natural
genetically encodable nucleotides is known to generate distinctive

Aptamer bound PBV

Emission
Emission

Aptamer bound MG

\\\
~a

Aptamer bound PBVF
PR
7/ S~

7 Free PBVF and PBV

7

Free MG and IMG

680 700 620 640 700

640 660 660 680
wavelength (nm) wavelength (nm)

e

0

e
o

fluorescence by itself. Current methods for visualizing specific | % ;

nucleotide sequences usually require hybridization to a syntheticall g §-;

labeled complementary proBeSuch hybridization is destructive H §

and incompatible with live cells because of the need to introduce| £ -

labeled antisense sequences and then stringently wash away ti{ef g

excess of unbound probe. The only way at present to image specifi 000t 001 o1 ) W om o1 1
RNAs in a live cell is to fuse such RNAs to tandem multimers of (ol MG sptamer G foeG apamen 41
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special stem-loop sequences, which attract unique binding protein 3
that in turn are fused to green fluorescent protéibis tagging
system is indirect and adds tremendous mass, around 270 kDa, fgr *
larger than the typical RNA target to be tracked. A more compact
strategy for genetically tagging RNAs in situ would be to fuse them
to the shortest possible nucleotide sequences that can bind specif

log (Apparent quantum yield)
log (Apparent quantum yield)

(%]
[

4

membrane-permeant dyes and render the latter fluorescent. Generpl ;5 . M 0 w0 on 1 0 0 To0c
methods are now available for selective evolution of oligonucle- Sl D) Sleckii o
otides (“aptamers”) that bind small molecufe&n RNA aptamer Figure 1. MG and SRB aptamers enhance fluorescence of triphenylmethane

j - dyes. (a) Emission spectra of IMG and MG with and without excess MG
Was _eVO_IVEd to bind malachite green (M_G)] the hope that aptamer. (b) Emission spectra of PBVF and PBV with and withoyt0
illumination of the dye would generate reactive oxygen spédtes SRB aptamer. (ef) Apparent quantum yields for MG, IMG, PBVF, and
inactivate an attached mMRNAThis MG aptamer was later found  PBV as a function of total aptamers. Solid circles are experimental, and
to prefer rigidly planar analogues such as tetramethylrosamine Smooth curves are the best fits for 1:1 binding (see Supporting Information).
(TMR, Kg ~ 40 nM) and pyronin Y Kq &~ 225 nM) over nonplanar, Lower and upper asymptotes indicate the measured quantum yield for free

. . dye and the fitted quantum yield for the complex.
rotationally mobile MG (800 nM). Therefore, the crystal structure

was determined with TMR instead of M&GThe TMR was Free MG in 100 mM KCI, 5 mM MgGJ, and 10 mM HEPES
embedded between a base quadruple and base pair and suggestggH 7.4) had an absorbance maximum at 618 nm and very low
that ligand binding was stabilized by base-stacking interactions. In fluorescence, corresponding to a quantum yield ofs7 2075, MG
addition, noncanonical base pairs further stabilized the aptamer andaptamer RNAwas transcribed from a DNA template containing a
encouraged the specificity for TMR. double-stranded T7 promoter region and was gel purified. RNA (4
Triphenylmethane dyes such as MG normally have extremely 4M) was folded into MG aptamers in the above buffer and mixed
low quantum yields for fluorescence due to easy vibrational de- with 0.32uM MG. The aptamer shifted the MG absorbance from
excitation, but viscous or cold environments are known to encourage 618 to 630 nm, consistent with previous repdrtagdicating that
some fluorescence by restricting such vibrati®ge hoped the the MG was nearly fully bound. Titration with increasing amounts
MG aptamer might do the same and stabilize MG in a planar, more of MG aptamer and curve-fitting the fluorescence to an equation
fluorescent conformation. We now show that the MG aptamer for 1:1 complexation yielded a dissociation constant of 117 nM
indeed increases the fluorescence of MG and close relati2860- (Figure 1c). This value indicates somewhat stronger binding than
fold while rejecting triphenylmethane dyes bearing additional the 800 nMKq previously reported,which was indirectly deter-
sulfonate groups. Conversely, another aptamer raised against amined at pH 5.8 in a low ionic-strength medium by MG competition
sulfonated rhodamiriebinds and enhances the fluorescence of with TMR binding. The fluorescence of the aptamer-bound MG
sulfonated triphenylmethane dyes while rejecting purely cationic (Figure 1a,c) was tremendously enhanced to a quantum yield of
triphenylmethanes such as MG. To our knowledge, these are the0.187 in the limit of 100% binding, 2360 times greater than that of
first demonstrations of short RNA sequences that can specifically unbound MG (Table 1). This quantum yield for the MG aptamer
enhance the fluorescence of appropriate dye partners while bothcomplex exceeds those observed when MG and comparable
crossed combinations are rejected. triphenylmethane dyes are adsorbed to albumin or immobilized in
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Table 1. Spectral Enhancements of Triphenylmethane Dyes
Bound to MG and SRB Aptamers

RNA Aax QY QY fold Kg

dye aptamer (nm) free bound increase uM
MG MG 12 7.9x 105 0.187 2360 0.117
IMG MG 8 15x10% 0.324 2090 0.666
PBVF SRB 75 3%10% 0.034 92 86
PBV SRB 10 3.9x 104 0.042 107 23
Chart 1. Relevant Triphenylmethane and Xanthene Dyes

MG:R'=R?=Me;R®=X=Y=H

IMG: R" = Me; R, R® = CHyCHp; X =Y =H
PBVF:R'=R2=Et,R®=Y =H; X =SOy
PBV: R = R?=Et, R®=H; X = S037 Y = OH

TMR: R'=R2=Me; X=H
SRB: R'=R2=Et; X = SO5°

glycerol or a sucrose octaacetate gfa¥s.show that enhancement
is specific for the MG aptamer, we added @0 sulforhodamine

B aptamer RNA (SRB), a different aptamer selected to bind the
disulfonated rhodamine dye sulforhodamin€ Bhis saturating
amount of SRB aptamer enhanced MG only slightly. Presumably,
the binding cavity of the MG aptamer locks the rotationally mobile
MG in arigid, planar configuration somewhat similar to the planar
structure of TMR, whereas the SRB aptamer does not bind MG
significantly.

The major nonplanarity and vibrational flexibility in MG is due
to the propeller-like twisting of the phenyl rings with respect to
the central triarylmethyl carbon, but twisting of the dimethylamino
groups relative to the phenyl rings could contribute an additional
mode of excited-state deactivation. We therefore rigidized the
dialkylamino substituents by synthesizing IMG, an indolinyl
derivative of MG (Chart 1). Free IMG showed an absorbance
maximum of 642 nm, slightly red-shifted from that of MG, and a
quantum yield of 1.55< 1074, about double that of MG (Table 1).
Addition of 10uM MG RNA aptamer to 0.5:M IMG shifted the

an extra—OH on the phthalein ring (Chart 1). Free PBV showed
a quantum yield of 3.% 104 Interestingly, 6QuM SRB aptamer
shifted the absorbance of PBV by 10 nm to the red and enhanced
PBV fluorescence about twice as much as that of PBVF (Figure
1b). Curve fitting of titrations yielded a dissociation constant of
23 uM and a quantum yield of 0.042 for the PBV-SRB aptamer
complex, a 107-fold enhancement over that for free PBV (Figure
1f). The extra hydroxyl group of PBV therefore almost quadruples
the affinity for the aptamer. An aptamer evolved to bind PBV itself
might achieve higher affinities and quantum yields closer to those
of MG and IMG complexed to the MG aptamer. Addition of 10
uM MG aptamer to both PBVF and PBV did not cause any
fluorescence enhancement, proving that both the MG and SRB
aptamers discriminate against the other’s ligands.

The ability of aptamers consisting of just-384 nucleotides to
enhance the fluorescence of specific triphenylmethane dyes up to
2300-fold opens many interesting possibilities for assaying the
formation, location, or breakdown of RNAs incorporating such
aptamers. In addition, we were able to further enhance fluorescence
by cloning and transcribing MG aptamer sequences in tandem,
revealing concatenated aptamers result in increased levels of
fluorescence without quenching one other (Supporting Information).
The specificity of the MG and SRB aptamers for different sets of
dyes suggests that it should be possible to discriminate multiple
RNAs simultaneously. Because neither aptamer was selected or
optimized for the ability to enhance fluorescence, further improve-
ments should be possible. We hope that such progress will enable
in situ fluorescent tagging and imaging of important messenger,
ribosomal, and micro RNAs to help answer the many biological
questions about their metabolism, trafficking, and functions within
living cells.
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dyes, synthesis of IMG, synthesis of aptamer RNA, curve fit analysis
and quantum yield determination (PDF). This material is available free

absorbance to 650 nm and increased the peak extinction somewha®f charge via the Internet at http:/pubs.acs.org.

(Figure 1b). Similar to MG, the fluorescence quantum vyield for
fully bound IMG was determined to be 0.324 (Table 1). Therefore,
rigidization of the dialkylamino substituents increased the quantum
yield of both the free and bound dye by about 2 to 3-fold, leaving

the enhancement factor near 2090-fold. Titration of fluorescence
vs aptamer concentration and curve fit analysis (Figure 1d) indicated

a dissociation constant of 666 nM. The weaker affinity for IMG is

expected because the MG aptamer was not optimized to bind this

analogue. Aptamers selected for IMG itself might be even more
effective at increasing its quantum yield. As with MG, &0 SRB
aptamer had virtually no effect on fluorescence of IMG.

Although the SRB aptamer does not significantly bind or enhance
the fluorescence of MG or IMG, are there other dyes whose

fluorescence the SRB aptamer can increase? We tested it with the

triphenylmethane analogue of sulforhodamine B, patent blue VF
(PBVF). Free PBVF showed a quantum vyield of 3<7 104
Addition of 60 uM SRB aptamer caused a bathochromic shift of

7.5 nm and a large fluorescence enhancement (Figure 1b). Curve

fitting of fluorescence as a function of SRB aptamer concentration
(Figure 1e) yielded a dissociation constant of@6 and a quantum
yield for the complex of 0.034, an enhancement of 92-fold. We

also tested patent blue violet (PBV), an analogue of PBVF bearing
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